Bcl-2 is the founding member of a family of proteins involved in cell death that was identified originally at the breakpoint of a t(14;18) translocation in a lymphocytic leukemia cell line (1) (2) (3) (4) (5) (6) . Bcl-2 and other members of the family play an important role in embryogenesis, tissue remodeling, and the immune response through their actions as either inhibitors or promoters of apoptosis (7) (8) (9) . There are at least 16 Bcl-2 homologues found in humans (10) . These include Bcl-2, Bcl-x L , Bcl-w, and Mcl-1, which are inhibitors of cell death, and Bad, Bak, Bax, Bid, Bim, and Bcl-x S , which are cell-death promoters. Homeostasis is maintained in normal tissues through the antagonistic interaction of these anti-and proapoptotic proteins (11) .
In addition to their normal function, aberrant expression of Bcl-2 proteins has been linked to many diseases such as auto-immunity and neurodegenerative disorders and cancer (12) (13) (14) . Indeed, Bcl-2 has been found to be overexpressed in many cancer cells, including most B cellderived lymphomas, colorectal adenocarcinomas, and undifferentiated nasopharyngeal cancers (15) . Bcl-2 has been implicated also in the resistance of many cancers to treatment with radiation and chemotherapeutic agents (10, 13) . Therefore, Bcl-2 represents a target for the treatment of cancers, especially those in which Bcl-2 is overexpressed and for which traditional therapy has failed (15) (16) (17) (18) (19) .
The design of molecules that bind to Bcl-2 and inhibit its antiapoptotic activity could be aided greatly by the three-dimensional structure of Bcl-2 and Bcl-2-ligand complexes. The structure of a homologous protein, Bcl-x L , has been determined previously, both alone and complexed to proapoptotic peptides from Bak and Bad (20) (21) (22) . Bcl-x L is an all -helical protein that resembles the membrane insertion domain of bacterial toxins such as diphtheria toxin and the colicins. In the structure of the uncomplexed protein, a 56-residue flexible loop was observed and found to be nonessential for antiapoptotic activity. Therefore, before determining to the structures of the Bcl-x L -peptide complexes, this flexible loop was truncated from 56 to 16 residues. This change not only simplified the NMR spectrum of the protein but also improved the behavior of Bcl-x L in solution.
Although Bcl-x L and Bcl-2 share a high degree of sequence homology ( Fig. 1.) , they have different tissue distributions and are expressed differentially in cancers (23) (24) (25) (26) (27) (28) (29) . For example, Bcl-2 seems to be the major inhibitor of cell death in acute myeloid leukemia, whereas overexpression of Bcl-x L correlates with resistance to cell death in breast cancer. Bcl-2 and Bcl-x L also differ in their binding specificities for proapoptotic members of the Bcl-2 family (30). These differences in binding specificity could be caused by structural differences between these two proteins.
GenBank contains several entries for Bcl-2 that differ by a small number of amino acids. Although the physiological relevance of these changes is unclear, two of these differences affect the predicted binding site for proapoptotic Bcl-2 family proteins: threonine or alanine in position 96 and glycine or arginine in position 110 ( Fig. 1 ). Here we describe three-dimensional structures of two isoforms of Bcl-2, denoted Bcl-2(1) (1, 2) and Bcl-2(2) (3-6), in solution by NMR spectroscopy. The structures of the Bcl-2 proteins were compared with each other and to a previously determined structure of Bcl-x L . To determine whether the two isoforms of Bcl-2 bind differently to proapoptotic peptides, the affinities of both Bcl-2 isoforms were measured for peptides derived from Bak and Bad.
Materials and Methods
Plasmid Construction. Several different Bcl-2 constructs were prepared and evaluated for their suitability for NMR structural studies. A fragment coding amino acids 1-218 of Bcl-2(1) ( Fig. 1 ) was obtained from Daudi mRNA (CLONTECH) by reverse transcription (RT)-PCR using an RT PCR kit (Roche Molecular Biochemicals). The fragment was inserted into the NdeI and XhoI sites of the pET30b plasmid (Novagen) for expression. By using this plasmid as a template, three other plasmids were prepared. In each case, the NdeI and XhoI sites of pET28b were used in the new construction. The first plasmid contained a fragment coding amino acids 1-50 and 92-218 of Bcl-2(1). A second plasmid was constructed that contained a fragment coding amino acids 1-34 of Bcl-2(1), 35-50 of Bcl-x L , and 92-218 of Bcl-2(1). The third plasmid contained a fragment coding amino acids 1-34 of Bcl-2(1), 35-50 of Bcl-x L , and 92-207 of Bcl-2 (1) . For constructing the plasmid for isoform 2, this last plasmid was used as a DNA template. Alanine 96 and glycine 110 were changed to a threonine and arginine, respectively, by using the Stratagene Quick Change kit (Stratagene).
Expression and Purification. The Bcl-2 proteins were expressed in Escherichia coli BL21(DE3) grown in M9 medium containing 15 NMR Spectroscopy. All NMR experiments were acquired at 298 K on a Bruker DRX500, DRX600, or DRX800 NMR spectrometer. Backbone 1 H, 13 C, and 15 N resonance assignments were achieved with [ 15 N, 13 C, 2 H (75%)] Bcl-2 by using a suite of deuterium-decoupled tripleresonance experiments [HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB, HNCO, and HN(CA)CO] (31). The side-chain 1 H and 13 C NMR signals were assigned from HCCH-TOCSY experiments (32) , and stereospecific assignments of the valine and leucine methyl groups were obtained from an analysis of the 13 C-13 C coupling patterns observed for biosynthetically directed fractionally 13 C-labeled Bcl-2 (33) . Nuclear Overhauser effect (NOE) distance restraints were obtained from three-dimensional 15 N-and 13 C-edited NOE (NOESY) spectra (34, 35) acquired with a mixing time of 80 ms. Slowly exchanging amide protons were identified in an 15 N-heteronuclear single quantum correlation spectrum (HSQC) recorded immediately after exchanging the protein into a buffer prepared with D 2 O. Residual dipolar couplings (HN-N and C ′ −C α ) were measured by using undecoupled versions of the HNCO experiment on [ 15 N, 13 C, 2 H (75%)] Bcl-2 in the presence of 17 mg•ml -1 Pf1 phage (36) (37) (38) .
Structure Calculations. Bcl-2 structures were calculated by using a simulated annealing protocol (39) with the program CNX (Molecular Simulations, San Diego, CA). A square-well potential (F NOE = 50 kcal•mol -1 ) was used to constrain NOE-derived distances. Based on the cross-peak intensities, NOE-derived distance restraints were given upper bounds of 3.0, 4.0, 5.0, or 6.0Å. Torsion angle restraint , were generated from an analysis of the N, C ′ , C α , and H α chemical shifts by using the TALOS program (40) . A force constant of 200 kcal•mol -1 •rad -2 was applied to all torsional restraints. Explicit hydrogen bonds were included in -helices only for residues observed to have slowly exchanging amide protons. The program PROCHECK was used to analyze the geometric quality of the calculated structures in the ensemble (41) .
Peptide Binding.
A fluorescence polarization-based competition assay was used to determine the relative affinity of a 25-residue peptide from human Bad (NLWAAQRYGRELRRMS -DEFVDSFKK) and a 16 -residue peptide from Bak (GQVGRQLAIIGDDINR) (SynPep, Dublin, CA) for both Bcl-2 isoforms. A modified Bad peptide labeled with 6-carboxyfluorescein-succinimidyl ester (FAM) was used as the probe in both cases [(5-FAM)-AAAAAQRYGRELRRMSDEFVDSFKK)]. Titrations were carried out on an Abbott clinical diagnostics instrument (IMx, FPIA mode) as described (22) with both protein and peptide in a buffer containing 120 mM sodium phosphate (pH 7.55), 0.01% bovine gamma globulin, and 0.1% sodium azide. Dissociation constants were determined from titration curves by using the analytical approach of Dandliker et al. (42) with the program MINSQ 4.03 (Micromath Scientific Software, Salt Lake City, UT).
Results and Discussion
Sample Preparation and Optimization. Structural studies on wild-type Bcl-2(1) have been hampered by the poor solubility of the protein. As a consequence of the poor physical properties of Bcl-2, no three-dimensional structure of Bcl-2 has been reported thus far. In contrast, a homologous protein, Bcl-x L , behaves well in solution allowing its x-ray and NMR structures to be determined (20) . One of the major differences in sequence between Bcl-x L and Bcl-2 is in a region of Bcl-2 predicted to adopt a flexible, unstructured loop. For Bcl-x L , this region of the protein is unnecessary for its antiapoptotic activity (20) . To test whether this predicted loop region was responsible for the poor behavior of Bcl-2(1) in solution, a version of Bcl-2(1) was prepared in which residues 51-91 were deleted (21) . Unfortunately, the loop-deleted form of Bcl-2 behaved like the wild-type protein and aggregated at high concentration. This finding is consistent with the results of Anderson et al., in which a form of Bcl-2 with the putative unstructured loop replaced by four alanines was not soluble enough for structural studies (43) .
One possible reason for the poor solubility of the loop-deleted form of Bcl-2(1) was its unfavorable isoelectric point (6.4) that is very close to the pH of the buffer used in the NMR experiments and different from the pI of Bcl-x L (4.9). This difference in isoelectric point, which could explain the variable solubilities of these proteins, stems largely from the greater number of anionic residues in Bcl-x L (Fig. 1) . To test this hypothesis, a chimeric protein was prepared in which the loop in Bcl-2 was replaced with the negatively charged loop of Bcl-x L . This protein is predicted to have a much lower pI (5.0) and therefore should be more soluble. Although this chimeric protein behaved much better than the original construct and remained soluble up to 1 mM, 15 N, T 2 measurements suggested that the protein was still aggregating. Preliminary NMR experiments with this protein suggested that the eleven C-terminal residues, which contained several hydrophobic amino acids, were unstructured in solution and may be responsible for inducing the aggregation. Therefore, a second Bcl-2(1)/Bcl-x L chimera was prepared in which these eleven C-terminal residues were removed ( Fig. 1) . Unlike the other forms of Bcl-2, this protein was very soluble and well behaved in solution. Moreover, the biological activity of this protein was retained as evidenced by the protection it provided against staurosporine-induced apoptosis when electroporated into Jurkat cells (data not shown).
The isoform 2 chimera was prepared from Bcl-2(1) by mutating residue 96 from an alanine to a threonine and mutating residue 110 from a glycine to an arginine. Bcl-2(2) also behaved well in solution and was suitable for structure determination by NMR.
Quality of the Bcl-2 Structures.
Protein structures were calculated based on a total of 2,310 nontrivial NMR-derived distance restraints for isoform 1 and 2,337 nontrivial distance restraints for isoform 2. Fig. 2 shows the ensemble of 15 low-energy structures calculated with the program CNX for both isoforms. Excluding the flexible loop between helix 1 and helix 2 (residues 33-91), the eight N-terminal residues, and the four C-terminal residues, the root-meansquare deviation (RMSD) for Bcl-2(1) about the mean position is 0.59 Å for the backbone and 1.10 Å for all heavy atoms. For the same region in Bcl-2 (2) , the RMSD about the mean position is 0.61 Å for the backbone and 1.15 Å for all heavy atoms. The structural statistics for each ensemble and the energy-minimized average structures are given in Table 1 . There are no distance violations greater than 0.4 Å or dihedral-angle violations greater than 5°. In the structure refinement, only covalent geometry, NOE, torsion, and repulsive van der Waals terms were included. Even so, the Lennard-Jones energy is large and negative, indicating that the structures have favorable nonbonded contacts. Analysis of the average-minimized structures with the program PROCHECK (41) showed that 78.3 and 77.1% of the residues of Bcl-2(1) and Bcl-2(2), respectively, lie in the most favored region of the Ramachandran plot, and 19.6 and 22.9% lie in the allowed regions.
Description of Bcl-2 Structures.
The overall structure of Bcl-2(1) consists of two central, predominately hydrophobic helices (helix 5 and 6) packed against four amphipathic -helices (Fig.  2) . Helix 1 (residues 11-24) is connected to helix 2 (residues 93-108) by a shortened artificial loop derived from Bcl-x L . This loop is unstructured in solution as evidenced by the lack of medium and long-range NOEs for this region. Helix 1 and 2 are oriented parallel to one another, crossing at an angle of about 45°. A long loop, which contains a single turn of 3 10 helix, connects helix 2 to helix 4 (residues 126-137) and results in a nearly orthogonal orientation for these two helices. Helices 4, 5 (residues 144-163), and 6 (residues 167-192) are oriented in a nearly antiparallel fashion with a kink in helix 6 at histidine 184. An irregular turn composed of two glycine residues connects helix 6 to helix 7 (residues 195-202), which orients helix 7 orthogonal to helices 4, 5, and 6.
A hydrophobic groove is present on the surface of the protein (Fig. 3) . The analogous hydrophobic groove in Bcl-x L corresponds to the region of the protein that binds to proapoptotic members of the Bcl-2 family. In Bcl-2, mutations in this region have been shown to abolish the antiapoptotic activity of Bcl-2 and block heterodimerization with other family members (44) . Although Bcl-2(1) has a net negative charge at neutral pH, the charge distribution around the hydrophobic groove is balanced as shown in the GRASP (45) image of Fig. 4A .
The structure of isoform 2 is identical essentially to that of isoform 1 (Fig. 5 ). Excluding the residues of the flexible loop and the amino and carboxy termini, the backbone RMSD between the two structures is 1.10 Å. The substitution in isoform 2 of a threonine for an alanine at position 96 and an arginine for glycine at position 110 had no effect on the conformation of the protein within the experimental error of the structure determination. To assess potential differences between the binding grooves of these two proteins further, their affinities for a 16-residue peptide from the proapoptotic protein Bak and a 25-residue peptide from the proapoptotic protein Bad were measured in a fluorescence-based polarization assay (Table 2) . Surprisingly, Bcl-2(2) binds the Bad peptide approximately 2-fold more tightly than Bcl-2(1), and it binds the Bak peptide about 8-fold more tightly. Thus, despite the similarity in their structures, the two isoforms display differences in their specificity for binding proapoptotic members of the Bcl-2 family.
Structural Comparison of Bcl-2 and Other Family Members. The NMR structures of Bcl-2(1) and Bcl-2(2) are compared with the previously determined NMR structure of Bcl-x L (20) in Fig. 6 . The overall folds are very similar to a backbone RMSD between Bcl-2(1) and Bcl-x L of 1.91 Å and between Bcl-2(2) and Bcl-x L of 1.84 Å (excluding the truncated loop). The largest difference is observed in the region of helix 3 that makes up part of the binding site. Excluding helix 3 (residues 110-125), the RMSD between Bcl-2(1) and Bcl-x L drops to 1.71 Å, and the RMSD between Bcl-2(2) and Bcl-x L is 1.61 Å. In Bcl-2, this region consists of one turn of a 3 10 helix rather than the regular -helix observed in Bcl-x L . In addition, this region of Bcl-2 along with the first turn of helix 4 is translated with respect to the corresponding region in Bcl-x L (Fig. 6) . This difference most likely is due to hydrophobic contacts in Bcl-x L between the side chains of Tyr-127 in helix 4 and Thr-179 and Tyr-180 in helix 6, which pulls the amino-terminal end of helix 4 toward helix 6. These contacts are not observed in Bcl-2, because residues 127 and 179 are arginine and glutamic acid, respectively.
In addition to the structural differences observed between Bcl-2 and Bcl-x L in the hydrophobic groove, there are a few key differences in primary sequence that translate into a different topology for the binding groove. The amino acids that differ in this region of the two proteins include: residue 111 (Asp in Bcl-2; Ala in Bcl-x L ), residue 115 (Met in Bcl-2; Leu in Bcl-x L ), and residue 129 (Arg in Bcl-2; Ser in Bcl-x L ). These amino acid differences are highlighted in yellow in Fig. 4 . Of these differences, the aspartic-acid-to-alanine and arginine-toserine substitutions would be expected to change the character of the binding groove the most, since this substitution alters the charge of the protein. A comparison of the GRASP surface of Bcl-x L (Fig. 4C) to that of Bcl-2 ( Fig. 4 A and B ) supports this conclusion. There is a concentration of negative potential at the bottom of the groove in Bcl-x L that is not present in Bcl-2. This negative charge most likely arises from two acidic residues: Asp-114 and Glu-135. In the Bcl-2 proteins, this negative charge is compensated by Arg-129, which is a serine in Bclx L .
This difference in the electrostatic surface of the binding groove could explain, at least in part, the higher affinity of Bcl-x L for Bad and Bak peptides compared with Bcl-2(1) and Bcl-2(2) ( Table 2 ). In the Bcl-x L -Bak and Bcl-x L -Bad peptide complexes (21, 22) , the helical peptide was observed to bind with its amino-terminal electropositive end toward the bottom of the binding groove. As discussed above, this region is more electronegative in Bcl-x L compared with Bcl-2, which may account for the higher affinity of these peptides for Bcl-x L . orientation of these helices is the same. The RMSD between Bcl-2(1) and Bax is 1.9 Å, whereas the RMSD between Bcl-2(2) and Bax is 2.2 Å. Based on the NMR data, the loop between helix 1 and helix 2 in Bax is largely disordered. Only weak NOEs were observed between the central portion of this loop and two residues on helix 6. This result is consistent with the structure of Bcl-x L , in which this loop is flexible and suggests that the corresponding loop in Bcl-2 would be disordered also.
Conclusions
The structures of two isoforms of the antiapoptotic protein Bcl-2 have been determined by NMR spectroscopy. A critical aspect of this work was the preparation of soluble monomeric proteins that were amenable to structure determination by NMR. This determination was accomplished by lowering the pI of Bcl-2 by replacing the loop of Bcl-2 with acidic residues found in the loop of Bcl-x L . The structures of the two Bcl-2 isoforms were found to be very similar. However, the different affinities observed for Bak and Bad peptides suggest that there must be subtle differences in the binding grooves of the two isoforms of Bcl-2. The structure of Bcl-2 differs from Bcl-x L 4 in the binding groove. The third -helix that makes up an important part of the binding pocket in Bcl-x L is a 3 10 helix in Bcl-2. There are differences also in primary sequence in this region of the two proteins. These differences in structure and the amino acids that comprise the binding pocket define the binding specificities observed for Bcl-x L and Bcl-2. This information could be used to aid in the design of small molecules that bind to Bcl-2 and/or Bcl-x L and potentially antagonize their function. These small molecules may be useful for the treatment of cancers in which these proteins are overexpressed. Tables   Table 1. Structural statistics for Bcl-2 isoforms Table 2 . Peptide binding to Bcl-2 and Bcl-x L Fig. 1 . Sequence alignment of full-length Bcl-x L , the three isoforms of full-length Bcl-2 [denoted Bcl-2(1) (1,2), Bcl-2(2) (3, 4) , and Bcl-2(3) (5,6)], and the truncated Bcl-2/Bcl-x L chimeras used in this study. Amino acid differences between the Bcl-2 isoforms are shown in red, the truncated loop is shown in green, and the putative membrane-spanning region is shown in blue.helices previously identified in Bcl-x L are denoted above the sequence in red. 
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